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SECTION 1
INTRODUCTION

Degradation of ohmic contact layers on n-type gallium arsenide is known to
be a common cause of device failure, particularly at the elevated temperatures
and high current densities encountered, for example, in power field effect tran-
sistors (FETs).lﬂ-7 Contacts are usually formed by depositing thin-film composites
containing gold, germanium, and nickel which are subsequently alloyed above
the Au-GaAs eutectic temperature, for example at 460°C for less than 1 minute.
Indiffusion of germanium facilitated by nickel forms a highly doped nt layer
at the metal-GaAs interface; the contact is ohmic, primarily because of tunneling
through the metal-semiconductor barrier.8 No highly stable interface is formed,
however, and interdiffusion of the various atomic species persists under thermal
and electrical stresses imposed by device operation. The very mechanisms that
enable these contacts to be formed contribute to their gradual degradation.

Reliability limitations of Ni, Au, Ge-type contacts have motivated a search
for methods of forming much more stable contacts. In addition to being thermally
and electrically stable, the contacts must satisfy the following conditions.

1. The contacts must be ohmic, with the lowest possible resistance. This
implies that the carrier concentration in the GaAs at the interface should
be as high as possible above 1019/cm3, and should extend at least as

deep as the space charge depletion layer at zero bias.9

2. The metallization should be formed reproducibly with good adhesion,
morphology, and mechanical strength and be easily bondable to external
circuitry.

The approach we have chosen has been to prepare an n'* GaAs surface with
over 1019 carz’iers/cm3 prior to metal deposition, so that dopant indiffusion from
the metallization is not required, and then to use a refractory metal system,
which is less likely to interact with GaAs during operation of the completed device.
The metal system used was gold over platinum over titanium on GaAs. It adheres

10

well to GaAs, no interdiffusion occurs at least up to 350°C,” " and the gold can

PSR,




be plated to form a sturdy, easily bondable contact. This composite is readily
and reproducibly prepared by sequential electron-beam evaporation of titanium
and platinum and resistive-heated evaporated gold. It also forms good Schottky-
barrier contacts on n-type GaAs and may therefore be used for FET gates as

well, thus yielding some simplification in FET fabrication.
Various ways of preparing n** GaAs surfaces that were tried included:

1. Vapor-phase epilayer growth of a silicon-doped n*t layer over the

usual silicon-doped n-type active FET layer.

2. Co-implants of silicon and selenium into silicon-doped n-type epilayers.

furnace-annealed under Si3N 4 caps.
3. Laser-annealed selenium implants into silicon-doped n-type epilayers.

4. Electron-beam-annealed implants of selenium and co-implants of

silicon and selenium combined in silicon doped n-type epilayers.

The bulk of our effort was expended on those two approaches that looked
most immediately promising, namely, vapor-phase-grown n++ layers and electron-
R : ++ .
beam-annealed selenium implants. We have grown n = layers whose carrier con-
(o]
centration peaks at over 1019 carriers/cm3 in a very thin (about 100 A) layer at
the immediate surface. Contact resistivities of TiPtAu layers on these samples

6

have been as low as 8 x 10 Qcmz, and high-quality power FETs have been made

with unalloyed TiPtAu contacts, even for samples with contact resitivities as

high as 10°4 gem?.

By far the most impressive contacts were made on pulse electron beam annealed
(PEBA) selenium-implanted layers. Contact resistivities in the low 10—7 &'2cm2
range were consistently obtained and remained at this level even after extended
thermal stress tests at 250°C. However, unimplanted n-type layers suffer a severe
decrease in carrier concentration during PEBA exposure and some way must be

found to preserve the n layer if PEBA implants are to be localized in the contact




R

regions of a device pattern. We tried to save the n layer in two ways, first

by using the minimum possible PEBA fluence to anneal the localized implants, with
the hope of minimizing damage to the n layer, and next by selectively shielding
the unimplanted n-type regions with thick photoresist or deposited SiOx. Although
both approaches showed some promise in experiments on uniformly grown or
implanted layers, neither was successful in a device configuration. The experi-
ments performed and the results obtained will be discussed.

Laser anneals were also attempted at the beginning of this study. Their
effectiveness in achieving high carrier concentrations was comparable to PEBA
anneals, but the resultant GaAs surface appearance was pdor and we chose to
restrict our radiation anneal studies to the PEBA type.

Furnace-annealed co-implants of silicon and selenium failed to yield peak

3

concentrations as high as 1019/cm and this method was not pursued beyond

a first unsuccessful trial.




SECTION II
LASER-ANNEALED SAMPLES

Several authors have published studies of at least two different approaches
to forming ohmic contacts on GaAs with the help of lasers. In the first approach,
the usual procedure using a AuGe composite is followed, except that furnace
alloying of the metal-GaAs interface is replaced by exposure to short (tens of

11-14

nanoseconds) or long (about 1 ms) laser pulses. In the second approach,

a highly doped ntt layer is formed by ion implantation, and laser activation of

15,16 Harrison and Wi]liams17

the implant is used instead of a furnace anneal.
reported simultaneous implant anneal and metallization alloying using CO2 laser

radiation incident through the backside of the wafer.
Our studies consisted of only one set of nine samples, pulse-annealed at
Quantronics Corporation using a modified Model 603 laser scriber. The incident

beam parameters were:

Wavelength: 0.53 um by second harmonic generation of a Nd-YAG laser

with no 1.06 um beam on samples.

Pulse Rate: 2 kHz

Pulse Width: 70 nsec

Pulse Power: About 0.12 watts - variable using crossed polarizers

Beam Profile: Gaussian with a 124 um diameter at 1l/e of peak intensity

The sample was located on a table open to air which moved at an adjustable
constant speed vy back and forth in one direction and stepped at a setable
distance Ax in a perpendicular direction at the end of each pass.

In a preliminary test run on a GaAs blank, Vy = 8 in./sec, Ax = 5 mils,

visual inspection at low magnification revealed that each pulse produced con-
centric circles of diameter d1 and d2‘ The inner area showed small specks and




the area bounded by the two circles resembled a resolidified melt. Table I

shows the approximate values of d, and d2 as a function of pulse power.

1

TABLE I

DIAMETERS OF CONCENTRIC CIRCLES
FORMED BY LASER PULSES ON GaAs

Energy (Joules/cm 2) d, (um) dpum)
0.5 42 91
0.4 28 63
0.3 0 42
0.2 0 0

The inner circle was interpreted as the boundary within which the Gaussian-

‘ shaped pulse raised the temperature above the vaporization point and the outer
circle as the boundary within which the temperature exceeded the melting point.
SEM photos of another piece scanned under various conditions are shown in
Fig. 1. In this experiment we were looking for conditions which formed an
overlap of spots where melting had apparently occurred with little vaporization.
The range 0.25 to 0.4 J/cm2 was selected for exposures on implanted GaAs

samples.

15 5e*/em? at 120 keV at either 25° or 300°C into

epitaxial buffer layers over 3.8 um thick, grown on chromium-doped semi-insulating

Implants were 5 x 10

substrates obtained from Monsanto. The results of laser anneals on these samples
are shown in Table II.* The sample surfaces were bare during both implant and
anneal and the anneals were done in an unenclosed system open to the room
ambient. Sheet resistivities were measured with a four-point probe and room

*
Samples in this report will be identified by an epilayer growth run number

which has internal-Raytheon significance as a reference to our data filing
system. A prefix followed by a dash refers to a set of samples radiation
annealed on the same day. Prefixes only appear on PEBA samples. A suffix
following a dash indicates a subsection cleaved from a larger wafer on which
the epilayer was grown. For example, 1-41614-2 designates section #2 cleaved
from epilayer wafer 41614 and annealed with the first set of PEBA runs,

5
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(b)
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Figure 1. SEM photographs of laser-irradiated SCAN PARAMETERS

stripes on GaAs sample 40576B.  The lightened P(J/cmg) vV {in/sec) S X(mils)
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temperature Hall measurements of the sheet resistance, average carrier surface

concentration NS and mobility u were made on two of the samples using a
van der Pauw clover leaf formed on the sample. Discrepancies between the four-
point probe and clover leaf sheet resistances are due to the heating used to alloy
} the clover leaf contacts and will be discussed further in the PEBA studies section.
Surface damage was visible on all of the samples in the form of overlapping rings
at 6.25 J/cm2 progressing to overlapping craters about 1 um deep at 0.4 J/cm2.
Each sample also showed a dense distribution of white spots, which were re-
movable in an HCI dip. The sheet resistivities suggest a fluence above 0.25,
and less than 0.4 J/cm2 is required for best activation, note from Fig. 1 that
there is severe surface damage for fluences > 0.3 J/em?.

An unimplanted wafer (72673) of the type typically used for device fabrica-~
tion was cleaved in half and one half was laser annealed to evaluate how FET
i channel regions might be affected during laser anneals of device wafers having

localized high-dose implants in the source drain contact regions. (The unused

half was saved for an electron beam exposure.) Prior to anneal, capacitance
versus voltage (C,V) measurements of this sample using 16-mil diameter Au-on-Al
Schottky-barrier diodes indicated a flat profile with 7.5 x 1016 carriers/cm3 to

a depth of 0.45 um, then dropping rapidly to about 5 x 1015/cm3 at 0.55 um.
After anneal, CV measurements showed an average of only 7.7 X 1015 <:arriers/cm3
to a depth of about 0.38 um (which was the zero bias depletion depth), then
decreasing to join the unannealed profile at about 0.65 um. Evidently some

means of protecting channel regions would be necessary if laser-annealed contacts
were to be used on FET device wafers.

To compare the depth of carrier removal relative to the laser beam pene-
tration we may use the optical constants for GaAs at room temperature given by
Seraphin and Benr\ett.18 Writing the refractive index

n =u+iv

and interpolating the data for n = 0.53 uym, we find

u % 3.97, v V0.313




a=4mv/A = 7.3 um
The reflectivity R is -
(u2—1)2 + v2 ‘
R= 5 7 = .36
(u2-1) + v

and the transmitted fraction at depth X, T(X) is
T(X) = (1-R)e X = .64 ¢~ 73 X(um)

which indicates that 90 percent of the unreflected intensity is absorbed within
0.31 um of the surface. These optical constants are only applicable at the first
instant of exposure, since they may vary greatly during exposure with the
rising temperature and distortion of the sample.

The sheet resistivities obtained after laser anneals were higher than the
lowest values measured for PEBA anneals of samples that were otherwise iden-
tical. Differential Hall and sheet resistance measurements were not made, so
the peak carrier concentrations were not determined and no attempt was made
to form unalloyed contacts on these samples, since the PEBA procedure looked
much more promising.

"
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SECTION II1
PULSE ELECTRON BEAM ANNEAL (PEBA) STUDIES

A. SUMMARY OF EXPERIMENTS AND RESULTS

Electron-beam exposures were done over a period of about one year at
Spire Corporation under the direction of Dr. Anton Greenwald, and using
equipment and procedures described by Greenwald and co—workers.19 The
equipment and service were rented for a total of four days, one each in the
months of November 1978, February 1979, October 1979, and February 1980.
Although the samples exposed on each day formed a self-contained experiment,
it seems advisable to report the results of each day as a separate unit, in view
of the fact that the equipment and procedures were under continuing improvement
during the year, so that there may be differences in conditions and calibrations
from one day to another.

Except for a few samples run with the first exposure set, all of our
PEBA exposures had an electron energy distribution similar to the one shown
in Fig. 2. The mean energy of this distribution is 20 keV, and the pulse
duration was about 100 ns. Figure 3 shows a Monte Carlo calculation of the
depth distribution of deposited energy (J/gram) per unit fluence (J /cmz) for
the energy distribution in Fig. 2 with an angle of incidence of 60°. (The ex-
perimentally determined angle of incidence is about 45°, but this should not
significantly change the curve). Figure 4 shows the temperature-time curves
at various depths calculated for the energy deposition in Fig. 3. (Figures 2,
3, and 4 were provided by Dr. Greenwald).

The purpose and result of each day's experiments may be summarized
as follows.

1. Exposure Set #1

Five selenium-implanted samples were exposed to determine roughly
what electron beam fluence, energy and implant temperature would yield the
lowest sheet resistance and hence be likely to produce the highest surface carrier
concentration. A fluence of about 0.7 J/cm2 with electrons having a mean energy

10
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of 20 keV incident on a sample implanted at room temperature looked best and
the surface appearance, after an HCl dip to remove residual surface Ga, was

excellent. However, the carrier concentration of an unimplanted 0.6 um thick
n-type epilayer was eliminated by a fluence of 0.67 J/cmz, indicating the need

for some protection of channel regions in FET material exposed to PEBA.

2. Exposure Set #2

Guided by the results of Set #1, room temperature selenium implants were

PEBA annealed at 0.67 J/cm2 and samples were prepared for differential carrier
profile and mobility determinations.

Unalloyed TiPtAu was also deposited in a ladder test pattern for contact
resistance measurements. The results indicated carrier concentrations exceeding
1019/cm3 and contact resistivities as low as 3 x 10“7 Qcmz. Other samples in
this set were exposed to evaluate the suitability of SiOx and AZ1350J photoresist
as protective coatings for channel-type layers during PEBA. Minimal changes
in carrier profiles resulted from a fluence of 0.7 J/cm2 on samples coated with
0.7 um SiOx or 2 um of AZ1350J. However, similar coating thicknesses over the
channel regions of a power-FET pattern were ineffective, indicating that a
patterned structure behaved differently from either fully implanted and uncoated
or fully coated and unimplanted layers.

3. Exposure Set #3

Three questions were addressed in this series: (1) What is the nature
of the boundary between an implanted, uncovered surface and an unimplanted,
covered surface after PEBA exposure? (2) Do co-implants of selenium and
silicon offer an advantage? (3) What effect does post-PEBA heating have on
PEBA implants?

We found that, for the case of a sample on which a large, bare, implanted
area adjoined a large covered area, the boundary was marked by a severe
distortion of the GaAs surface, making it unlikely that a patterned mask could

14




be used in an FET geometry. Se-Si co-implants yielded carrier concentrations
exceeding 101910m3 for lower implant doses than were obtained with selenium
alone, and thermal annealing at up to 250°C in hydrogen produced an increase
in the sheet resistance of bare implanted layers but the resistance of unalloyed
contacts either decreased or was unchanged.

4. Exposure Set #4

The final exposures were designed to see whether an intermediate fluence
could be found which was high enough to form ohmic contacts in implanted
regions but low enough to retain sufficient carrier concentration in an n-type
epilayer to form an FET channel. A fluence of about 0.58 J/cm2 showed some

promise, but attempts to make devices were unsuccessful.

In the discussions that follow, a prefix 1, 2, 3, or 4 will be attached to
each sample number to designate which exposure set it belongs to.

B. EXPERIMENTAL PROCEDURES

1. PEBA Exposures

The samples used were taken from a supply of our in-house-grown epi-
layers on purchased semi-insulating substrates. Most samples were n-type
layers on buffer layers of the type typically used for power-FET fabrication,
except that no samples with n*t layers were used, since one goal of our studies
was to replace grown n*tt layers covering the entire surface with PEBA localized
implants. Thick buffer layers without an n-type surface layer were used in
some of the earlier experiments. We felt that it was important to use device-
type material in order to be sure that our results would be relevant to device
fabrication and to avoid the vagaries associated with chromium-doped semi-
insulating material at least to the depths to which the implants and anneals
would be affected. All samples were at least 1 x 1 cm2 to reduce the importance
of edge effects during the PEBA exposure. They were prepared for exposure
by a thorough cleaning, including organic solvents, buffered HF, and finally
a rinse in deionized water.

15




Samples were mounted in the PEBA vacuum system on a turntable which
allowed six samples to be rotated into the incident beam individually with a
single vacuum pumpdown. The turntable contained six holders, each of which
consisted of a circular graphite plate on an aluminum supporting disk. A
Chomerics Company conductive black grease was used to stick the sample backs
to the graphite plate except on the exposures in Set #1. One of the six sample
positions was left unloaded to provide a location for trial exposures. Trial
exposures were made with each loading to '"precondition" the system or, by
inserting a calorimeter in the beam, to measure and adjust the fluence. The

vacuum was 10 °

- 5 x 10_4 torr at the initiation of each pulse and the voltage
and current waveforms of each pulse were recorded on a curve tracer photo-
graph. It was estimated that less than 1()12

been deposited from the filament with each pulse.

carbon atoms/cm“2 may have

After the samples were removed from the system, grease was removed
with trichloroethylene, acetone, methanol, and water, and samples were examined
with an optical microscope.

2. Measurement Procedures

After cleaning, microscope examination, and an HCI dip and water rinse
to remove gallium residues, the following procedures were used in the prepara-
tion and measurement of samples.

a. Sheet resistance

Four-point probe measurements were made on an A. M. Fell Resistivity
Model A test rig. The probes had a 0.005 in. radius and a 1 mm spacing
between tips. Fixed currents of 0.01, 0.10, and 1.0 mA were used, and the
voltages were measured on a Boonton Model 95A dc voltmeter.

b. Capacitance-voltage carrier profiles

Schottky-barrier diodes were made by depositing gold over aluminum
on GaAs in a pattern in which a 16 mil diameter AlAu dot was isolated from an
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AlAu field by a concentric 35 x 35 mil2 square of GaAs which was uncovered

except for the central dot. C-V measurements were made with one probe on
a dot and the other on the field. For profiles too deep to be measured
with a single dot, other dots were used which were deposited on previously
etched steps of known depth. This is a procedure routinely used in our
laboratory to characterize grown epilayers. C-V profiles were measured,

converted to carrier-depth profiles and plotted by an automated profiler.

c. Differential sheet resistance and Hall mobility profiles

Carrier concentration and mobility profiles were measured on a van der
Pauw clover-leaf pattern, shown in Fig. 5a, which consists of a mesa rising
above a background of GaAs etched down into the semi-insulating substrate.
Pads for contacts at the four extremities were an alloyed NiAuGe composite
film. Carrier and mobility profiles were obtained from sheet resistance and
Hall mobility measurements alternating with layer removal. Original attempts
using 1:1:100 H202, H,80,, HZO at 1°C gave erratic results and we resorted
to charge-neutralized 0.5 keV, 0.7 mA/cm2 argon ions in a Veeco Microetch ion-
milling system. The region outside the dashed circle in Fig. 5a was shielded
from the argon beam by the sapphire mask in a holder shown schematically in

Fig. 5b. The sapphire, which was chosen for its low milling rate, rests a few

mils above the GaAs, and the sample was stuck to its aluminum pedestal with
Dow Corning 340 heat transfer paste.

The total depth etched was monitored by a step height determination on
a small piece of the GaAs slice mounted near the sapphire aperture and partially
(o]
masked by photoresist. The measured etch rate was 750 A/min.

At first, the sample and platform were removed from the ion miller after
every etch step and measurements were made at room temperature in a fixture
having four probes and fitting between the poles of an electromagnet. Hall
measurements were made with a field of 4000 gauss. Later the fixture was
modified to allow wires bonded to the pads to pass through holes in the platform
and out through vacuum feedthroughs in the ion-miller so that sheet resistance

17




PBN-79-343

Figure 5(a). Cloverleaf mesa used for differential Hall mobility
and sheet resistance measurements. Regions outside
the dashed circle were masked from the ion milling
beam.

Figure 5(b). Exploded view of circular ion milling sample holder
showing (1) sapphire mask, (2) GaAs sample and
platform, and (3) one of three positioning screws.
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measurements could be made in situ. Sheet resistance measurements were

e} [o]
then usually made at 125 A intervals and Hall measurements at 1250 A intervals.
This change saved considerable time that had previously been spent waiting

for the vacuum system to pump down.

The average carrier concentration n(X) and mobility u(X) of a layer
extending in depth from X to X + AX were obtained from Hall mobility 1 and
sheet resistance R measurements made before and after removal of a layer AX
thick. Using subscripts i and j to refer respectively to measurements made
before and after, we have:

1(x) (ui R]. W Ri)/(R]. —Ri)

n(x)

r(Rj—Ri)/u(X)eAXRiRj
where e = 1.6 x 1019 coulombs is the electronic charge and r is the ratio of

Hall to drift mobility, which we have assumed to be approximately equal to 1.

In the case of grown epilayers we found that it was possible to construct
a semi-empirical graph, shown in Fig. 6, of the sheet resistivity p(ohms cm)
versus n which was consistent with the n(X) and u(X) measurements of typical
samples, This made it possible to omit the Hall measurements and instead very
rapidly measure o(X) from in-situ measurements of Ri’ R].:

p(X) = RiR].AX/(Rj—Ri)
and then read n(X) from the p versus n graph.

The use of ion milling raises the question of how the radiation damage
induced by the milling argon atoms might affect the measurements. Our
feeling was that based on Range statistics for 0.5 keV argon jons, a layer no
thicker than about 50 A might become insulating as a result of the argon beam,
and since this layer would be present after every milling step it should have

little effect on differential measurements except for the first etch step. This
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Figure 6. A semi-empirical graph of resistivity versus carrier
concentration for grown n-type epilayers.




step would have an effective removal depth equal to the depth milled off AX

plus some additional damaged depth ¢. This has the approximate effect of
removing the depth increment from AX to AX + e from the profile and trans-
ferring the carriers in this increment into the first AX interval, yielding an
artificially high n(x) in this interval. This error is unimportant for our PEBA
profiles but may be significant for the shallow surface peaks we found on grown
n++epilayers. There may have been some more subtie effect due, for example to

damage-induced strain gradients. We did not investigate this possibility.

Of greater significance is the fact that the carrier and mobility profile
present after PEBA is altered by the heat treatment involved in forming the
NiAuGe contact pads which we formed on the Hall samples. The alloying step
which is done in a hydrogen ambient consists of the temperature versus time
schedule shown in Fig. 7. To see the effect of the heating used for alloying
we split the lower half of sample 3-7A25A in half and formed a clover leaf pat-
tern with TiPtAu contact pads on each piece. One piece was then heated with
the same schedule and in the same furnace used to alloy NiAuGe contacts and
differential profiles were measured on each piece.

At the beginning, sample 3-7TA25A was 1.7 x 2.3 cm2 with an n-type
17 carriers/cm3, 0.2 um thick and a 2.0 um thick buffer layer.
It was implanted at room temperature with 5 x 1015 Se/cm2 at both 120 and

320 keV and PEBA annealed with 20 keV electrons at 0.71 J/cmz. The carrier

profiles of the unheated and heated clover-leaf pattern are shown in Fig. 8.

epilayer 1.3 x 10

The sheet resistances prior to the first milling were 49 and 85 ohms/sq. for
the unheated and heated pieces respectively and the mobilities averaged over
the first 1250 Z were 124 cm2/V-sec for the unheated sample and 297 cm2/V—sec
for the heated sample. (The peak carrier concentration of the unheated sample,
about 8.5 x 1019/cm3, is higher than any we have seen reported for GaAs.)
Comparison of the profiles in Fig. 8 shows that a significant reduction in
carrier concentration accompanies the simulated alloying step. (Similar effects
have been reported by Pianetta and co—workers.zo) In retrospect, it is now
clear that many of our Hall samples would not have required alloyed contact pads,
and if unalloyed contacts had been used the profiles would have been more
representative of the situation immediately after PEBA. A difference in the sheet

resistance measured on the four-point probe setup before forming the van der Pauw
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pattern and then later on the completed pattern using the alloyed contacts was
observed on the first samples measured. But the profiles subsequently
measured had less than 1019 carriers/cm2 at the immediate surface and it was
questionable whether ohmic contacts would be formed without etching to near

the carrier concentration peak. We therefore decided to use alloyed contacts on
all the Hall samples rather than introduce another variable into the measurements.
The reader should therefore bear in mind that in this report the carrier profiles
which were obtained by differential sheet resistance and mobility measurements
represent the results of PEBA plus the additional alloying heat cycle and that
the carrier concentrations without the alloying cycle would generally be higher
for PEBA samples.

d. Specific contact resistance measurements

Specific contact resistances of unalloyed TiPtAu contacts on PEBA surfaces
were made using the transmission line contacts (TLC)ZI—24 method. The contact
pattern was photolithographically defined in Shipley AZ1350 photoresist and
immediately before metal deposition a few hundred R were chemically etched and
the sample was rinsed in 5 percent NH4OH to remove any surface oxide. The .
surface was then coated by electron beam vapor deposition of either 500 or 1000 A

e} (o]
titanium followed by either 500 or 1000 A platinum and 3000 A of evaporated gold.

Metallization not over the contacts was removed by dissolving the photo-
resist. The TLC patterns were then masked by photoresist and the surrounding
GaAs was ion milled into the high-resistivity buffer layer. The completed TLC
mesas consisted of five 67 x 254-um (L x Z) TiPtAu pads separated by gaps of
1=5.5, 10.8, 15.7, and 21.0 ym. These final dimensions were measured by micro-
scope on the completed patterns.

. 21
The specific contact resistance was determined using the equation

R = (RD/Z)[I + 2L, coth (L/Lt)]

t

where R is the sheet resistance, L is the contact length, Z is the contact width,
1 is the spacing between contacts, and Lt is the transfer length given by

24




2 _
Lt = I'c/RD,

where r, is the specific contact resistance (Q cm2). Independent current and
voltage probes were used and measurements were made with a current of 10 mA.
Several patterns were measured and a least-squares fit of the data for each pattern
was used to determine RD and r,- For these patterns the contact resistance
is only about 20 percent of the total even for the narrowest 5.5-um gap and is
therefore difficult to measure accurately. Fits with correlation coefficients
r < 0.9995, where

NZRifLi - ZRizzi

vze?- czap?

r
[NZRiZ—(zRi)zluz

and where N = 4 is the number of data points, were therefore rejected in order
to use only the most consistent results.

e. Secondary ion mass spectroscopy

SIMS measurements were made by Charles Evans and Associates using
a CAMECA IMS-3f and a cesium ion beam. Normalization of the submitted samples
relative to one another was made on the basis of the amount of sputtered and mass

69

separated arsenic collected in a Faraday cup and the ~Ga intensity was traced

during each run as a stability check. The final normalization was based on two
submitted standards:

Standard #1 - 5 x 1014 SiH+/cm2 at 240 keV implanted at Raytheon into

a Metals Research undoped GaAs semi-insulating substrate.

Standard #2 - 5 x 1015 Se/cm2 at 120 keV + 5 x 1015 Se/cm2 at 320 keV
implanted at Raytheon into another substrate of the same type.

The normalization constant was determined from the ratio of the implanted dose
to the integrated SIMS profile.

The depth scale was established by a Dektak surface profile measurement
of the depth of the sputtered depression.
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f. Scanning electron microscopy

SEM photographs were taken on an AMR-1200 scanning electron micro-

scope.

C. PEBA RESULTS

The first PEBA run was designed to provide a rough comparison with
laser annealing and to indicate whether elevated temperature implants would be
required and what PEBA conditions would be appropriate. From the results
summarized in Table III it was clear that room temperature implants annealed with
a fluence of about 0.67 J/cm2 were most promising. All of the implanted samples
were 1 x 1 cm2 sections cleaved from the same original epilayer wafer #41614
which had a 10 um thick buffer layer (< 1014 carriers/cm3) grown on a chromiume
doped semi-insulating substrate. The i’r;plants were 5 x 1015 Se/cm2 at 120 keV.
Two sheet resistance measurements are given for some samples to show the result
of the alloying heat treatment, one measured with a four-point probe prior to
forming the van der Pauw clover leaf and one on the clover leaf with alloyed
contact pads. The average sheet carrier concentration and Hall mobility are

from a single measurement without layer removals.

The visible results of PEBA annealing of GaAs are shown in Fig. 9a,
which is an optical microscope picture of sample 1-41614-3. This sample was
annealed with 0.85 J/cm2 which is too high and the damage is therefore exag-
gerated relative to what is observed for £ 0.7 J/cmz. The spotted white back-
ground is typical although the spot density varies considerably over any sample.
The rings were not generally present at lower fluences, nor were the vertical
and horizontal stripes, each of which envelopes a central slip line or microcrack,
easily visible in a microscope, along the crystallographic [011] and [011] cleavage
directions normal to the (100) surface. After an HCl dip the background regions
are featureless even on this overly irradiated sample.

Figure 9b is a SEM photograph of one of the slip lines at 20 KX magnifi-
cation after an HCl dip; the absence of any detail in the background shows the
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high quality of the GaAs surface, particularly in comparison with laser-annealed
samples. On the other hand, the nonuniform patterns of residual gallium which we
typically observed suggests that there must be inhomogeneities either in the impact-
ing electron beam or in the way in which regions of the sample react to the beam. Fig-
ure 10 shows an example of a nonuniform V/I measured by a four-point probe at equal
intervals from one end to another of a 1.2 x 1.5 cm2 sample, 2-41639-6, which was
15 Se/em? at 120 keV plus 5 x 1010
Se/cm2 at 320 keV and PEBA annealed at 0.71 J/cm2. Figure 11, an X-ray

reflection topograph of 2-41639-5, which was implanted and annealed in the same

implanted at room temperature with 5 x 10

manner as 2-41639-6, shows evidence of a nonuniform strain distribution. Unfor-
tunately, no topograph was made prior to PEBA so we cannot be sure that the
strain was not present beforehand; however, we consider this to be only a remote
possibility, since this pattern does not resemble any of the many topographs we
have taken in the past. As will be shown later, any nonuniformity in the surface

topography of a GaAs sample during PEBA presents more serious problems.

An unimplanted epilayer wafer 1-72673-2 was also irradiated with these pre-
liminary exposures to determine what might happen to FET channel-type layers
during PEBA. The original epilayer had a silicon-doped n-type carrier concen-
tration of 7.2 x 1016/cm3 to a depth of 0.6 um over a 2 um buffer layer. After
PEBA no residual carrier concentration was measurable by C-V profiling. As
in the case of laser annealing, degradation of channel-type layers poses a problem
for device applications, which will have to be solved if PEBA anneals are to be

used to form unalloyed ohmic contacts.

1. PEBA-Annealed Implant Profiles

Carrier concentration and mobility profiles were measured on several
PEBA samples during the course of this program. After the first trial exposures,
which yielded low sheet resistances (1-41614-8), we wanted to determine whether

3. which we felt would

and at what depth the concentration might exceed 1019/Cm
be necessary to form unalloyed contacts. In subsequent experiments we hoped
to assess what minimum implant doses and PEBA fluences would be adequate

in order to minimize the possible disadvantages of excessive amounts of inactive
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dopants, and of implant and PEBA damage. We also measured the profile change
introduced by deposition of a CVD Si3N4 film after PEBA, since we considered i
using Si3N4 to provide passivation for devices, and we evaluated co-implants

of silicon and selenium. |

Figures 12-14 show the carrier and mobility profiles measured on 2-41639-
1, 2, 4, 5. These were 1.2 x 1.5 cm2 sections of a 3 x 3.6 cm® epilayer wafer
with a 0.33 um thick silicon-doped epilayer surface having 9.2 x 1016 carriers/cm3
on a 4 um buffer layer. All six pieces of the wafer were PEBA annealed at 0.67
J/cmz. Numbers 2 through 6 were implanted at room temperature with 5 x 1015
Se/cm2 at 120 keV. An additional implant of 5 x 1015 Se/cm2 was added to

numbers 4, 5, and 6.

The tabulated projected range and standard deviation of 120 KeV Se+
in GaAs are 0.044 ym and 0.021 ym respectively.24 Figure 12 therefore shows
that diffusion occurred during PEBA and shifted the peak of the carrier distri-

bution to about 0.12 ym. The sheet resistance rose abruptly to over 12 K {i/a

16 3

after removing about 0.2 um, suggesting that the original 0.33 um, 9.2 x 107 /cm
epilayer had been altered. Most important, however, is the fact that the maxi-

mum carrier concentration exceeds 1019/cm3. Samples 4 and 5 also have concentra-
tions above 1019/cm3. The additional 5 x 1015 Se/cm2 at 320 KeV on these samples

appear to provide the advantage of a higher carrier concentration at the immediate

surface. In view of the nonuniformity of sample 6 from this wafer shown in Fig. 10,

however, the general validity of this result would require further confirmation.

Figure 15 shows the result of a SIMS analysis of sample 3-7TA25B-3.
Sample 7A25B was a 1.7 x 2.2 cm2 epiwafer with a 2 pm thick buffer layer and
a silicon-doped, 0.22 um thick, 1.3 x 107
with 5 x 102 2 at both 120 and 320 keV and PEBA annealed at 0.71 J/cm?2,

Following an HCl dip, 30 second HZOZ—NH4OH etch, and 5 percent NH4OH rinse,

o
1000, 1000, 3000 A TiPtAu was deposited as part of a thermal stability experi-

carriers/cm3 surface. It was implanted

Se/cm

ment on pieces 1 and 2, which will be discussed later. The sample was cleaved
into 5 * 5 mm2 pieces and on piece 3 the gold and platinum were ion milled,
the titanium removed by a 15 second dip in 2 percent HF, and the sample sub-
mitted for SIMS analysis along with all of the SIMS samples discussed in this

report.
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‘ Figure 15. SIMS and carrier profiles. A: C-V carrier concentration

profile %f sample 7A25B as received. B: SIMS profile of

5 x 1015 Se/cm? at both 120 and 320 keV into semi-insu-
lating GaAs. C: SIMS profile of the same Se implant in
3-7A25B-3 after PEBA. D: SIMS profile of Si in 3-TA25B-3
after PEBA. E: Carrier profile of the same implant in
2-41639~4 and §.
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Curve A of Fig. 15 is the carrier concentration from a C-V profile measured
as part of the original epilayer characterization. Curve B is the selenjum cali-
bration run for the same implant into an undoped GaAs semi-insulating substrate
obtained from Metals Research Corporation; this sample was not annealed and the
profile is very similar to the profile calculated using LSS range statistics except
for the tail extending beyond about 0.2 ym. Curves C and D arc the selenium
and silicon SIMS profiles of piece 3 following TiPtAu removal, and curve E is
the differential carrier profile of sample 2-41639-4 and -5 taken from Fig. 14.
Curves B and C indicate that there was relatively less selenium diffusion during
PEBA for this deeper double-energy implant. The increased silicon concentra-
tion near the surface after PEBA is perhaps more interesting. Although that
portion of the silicon curve above 2 x 1019/cm3 at the immediate surface is a
SIMS artifact, the less steep portion down to about 2 x 1017/cm3 appeared on
three PEBA pieces, 3-7TA25B-1, 2, and 3, but was not present on the unannealed
silicon implant calibration piece nor on a grown silicon-doped epilaver similar to
the epilayer on 7TA25B.

Aside from the PEBA anneal, the only difference in sample preparation was
the deposition and removal of TiPtAu, which would not seem likely to introduce
any silicon. It therefore appears that silicon has moved toward the surface in
sufficient concentration to be important relative to the measured carrier concen-
tration and there may be differences in the behavior of PEBA-implanted contacts
in silicon-doped epilayers compared with semi-insulating substrates. That curve
D is higher than curve A over the full depth is consistent with the fact that D
is a measure of silicon atom concentration while A measures only the uncompen-

sated carrier concentration.

Figure 13 shows the profiles of 2-41639-2 after a Si3N4 film was deposited
and removed following PEBA. The nitride film was deposited in the cold-wall
CVD reactor we use to deposit implant-anneal Si3N4 caps. The thermal cycle
consisted of a 5 minute period at 200°C followed by a rise to 710°C and a 500~
700 Z Si3N4 deposition, all in about 20 seconds, followed by a rapid cool to 200°C
in less than one minute. The deposition takes place in flowing silane and ammonia
diluted in nitrogen with the sample resting on a 3 x 1 x 0.4 in3 graphite strip
resistor heating element. This experiment was done because we considered

depositing a Si3N4 passivation after PEBA in FET device processing. and it
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showed that such a step would severely reduce the carrier concentration of

the contacts.

Section 2-41639-3 of this sample was saved for contact resistance measure-

ments, which will be discussed later.

2. Profiles with Reduced Implant Dose and PEBA Fluence

a. Reduced implant doses

Selenium implants of 5 x 1015/cm2 at both 120 and 320 keV had yielded
peak concentrations in excess of 1019/cm3, but these carrier concentrations
integrated over the profile depth only represent a few percent of the total
implanted dose. The great excess of unaccounted-for selenium, probably pre-
sent in microprecipitates, could be detrimental in device contacts, so we wanted
to establish whether reduced doses would be effective, Portions of epilayer
wafers 3-7TA17TA and B were implanted at both 120 and 320 keV with selenium
doses of 5 x 10'%, 1 x 101%, and 4 x 10*® and PEBA-annealed at 0.71 J/cm?.
Diifgeren:;cial carrier profiles of the latter two had peak concentrations above
107" /em™.

implant at 5 x 1014 Se/cm2 peaks at only about 10

Figure 16 shows that the profile (curve A) from the dual-energy

17 3

/em®. These results

indicate that for the conditions described in this report a total dose of be-
15

in excess of 1019/cm3.

tween 1 and 2 x 10 Se/cm2 is required to achieve a carrier concentration

However, curves B and C show that the addition

of dual silicon implants at 50 and 130 keV to the same 5 x 1014 Se/cm2

dual implant yields peaks above 1019/cm3.

2

Curve B results from added
silicon implants of 5§ x 1013/cm
1.1 x 1015/cm2

in peak concentration for only a 10 percent increase in total dose. Curve

at both energies for a net Se + Si dose of

and shows an increase of more than an order of magnitude

C shows that a fourfold increase in the silicon dose has, if anything, re-

duced the number of carriers.

b. Reduced PEBA fluence

A 3.4 x 4.9 cm2 epilayer sample, 7B-118, was implanted with 5 x 1015

Se/cm2 at 120 keV and cleaved into four pieces. Sections 4-7B118-2, 3, and 4
were PEBA-annealed at fluences of (.42, 0.50, and 0.59 J/cm2 respectively. The
four-point probe sheet resistances of these pieces and 1-41614-8 are shown in

Fig. 17. Profile measurements revealed peaks 2 1019/cm2 for all these samples.
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36

h




PBN-80-653

130

120
110
100
90
80
70

p (8 /70)

60
50
40

30 | 1 |
04 05 0.6 0.7

F (J/cm?)

Figure 17. Sheet resistances of a PEBA Se implant as a
function of PEBA fluence.
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To see what effect this range of fluences would have on an unimplanted
epilayer, Samples 3-7A91-1, 2, 3, and 4 were PEBA-exposed with fluences 0.21,
0.31, 0.59, and 0.84 J/cmz, respectively. Figure 18 shows the C-V carrier
profiles prior to PEBA and after a PEBA of 0.59 J/cm2 on section 3, and (.84
J/cm2 on section 4.

Sections 1 at 0.21 J/cm2 and 2 at 0.31 J/cm2

that the zero bias capacitance decreased from 146 pF to 116 pF for section 1

were barely affected except

and 107 pF for section 2 compared with 45 pF for section 3, indicating some
small loss of carriers within about 0.2 um of the surface.

The fact that a very narrow range of fluences from 0.4 to 0.6 J/cm2

might
yield a high enough carrier concentration to form unalloyed ohmic contacts
without completely destroying unimplanted channel-type layers offers some hope
that an unprotected sample with localized contact implants in a device configuration
might be successfully PEBA-annealed. We explored this possibility in the last

exposure set.

c. Contact resistances and thermal stability

Sample 2-41639-3, implanted with 5 x 1015 Se/cm2 at 120 keV, was intended

to be used for contact resistance measurements. It broke approximately in half
during transport from Raytheon to Spire Corporation and the two halves, A and

2

B, were mounted adjacent to one another and annealed with 0.67 J/em®. Four-

point probe checks showed about 47 ohms/sq on A and 29 ohms/sq on B.

We felt it would be best to have the metal-GaAs interface near the peak of
the carrier concentration, so using the carrier profile from 2-41639-1 (Fig. 12)
as a guide we removed about 750 X of the surface. This was done by ion
milling since we were confident of its accuracy in layer removal. The resistances
were then 75 and 40 ohms/sq. for the thinner layers. Contact resistance patterns
were then opened in AZ1350 resist and piece A was given a 15 second damage
removal etch in H,0,~NH,OH (pH % 7). Both A and B were rinsed in 5 percent

272
NH 4OH and immediately loaded into an evaporation system for deposition of
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1000, 1000, 3000 A of TiPtAu. The patterns were then completed by resist
liftoff and mesa etch isolated by ion milling with an AZ1350J resist mask

protecting the patterns.

Measurements on many patterns on both pieces yielded specific contact
resistivities r  and sheet resistance R of:

Piece A r, % 3 x 10‘7 ohm cm2 R = 74 ohms/sq.

Piece B r, A3 X 10”° ohm em? R = 31 ohms/sq.

The value for piece A was the lowest ever reported24 for GaAs and comparison
with piece B, which had a lower sheet resistance but much higher contact resis-
tivity, demonstrated the importance of proper surface preparation prior to metal

deposition.

The thermal stability of these remarkably low contact resistances was in
question, however, because the peak carrier concentration and sheet resistances
of uncovered surfaces had proven to be considerably degraded by relatively mild
heat treatments typically used in alloying NiAuGe contacts. To determine what
might happen to the atomic distribution under TiPtAu metallization, samples
3-7A25B-1 and 2 were coated with TiPtAu after PEBA implant; sample 1 was
heated at 150°C for 24 hours and sample 2 at 250°C for 24 hours. The metalliza-

tion was removed and SIMS profiles were measured and compared with an unannealed

sample, 3-7A25B-3 (see Fig. 15). No selenium or silicon profile changes were
seen.

The effect of heating on contact resistance was measured on samples 3-7A22A
I and 3-7A22B. These were n-~type epilayers implanted with 5 x 1015 Se/cm2 at

! both 120 and 320 keV and PEBA-annealed at 0.67 J/cmz. TiPtAu contact re-
sistance patterns were deposited without ion milling and only 10 sec in HCIl, 30
sec in H202—NH40H and a 5 percent NH40H rinse for predeposition preparation

of the surface. Table IV shows the effect of heating these samples.

These values represent averages over many patterns, for example 39 for
sample TA22A, where only those data with correlation coefficients r > 0.9995 were
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TABLE 1V
2
r, (ohm cw R (ohmsisq.)
(& . pai4
Sample Anneal e 1
- 5 1078 25
TA22A None 1.5
. -7 )
TA22A 150°C in vacuum, 8 Hrs, 4 - 10 34
-6 ) 6 -
TA22B (TB158) None 210 2 - 1) 10 (61)
. -7 - 6 RPN
TA22B (7TB158) 3 hrs. in H, at 250°C 6 <10 (174 10 ) 63 (62.2)
; - -6 4
7A22B 8} hrs. in H, at 250°C 6 - 100 22 1w 63 (63.0)

included. These data show that, whereas the sheet resistance of the uncovered
gaps between TiPtAu contacts increased with heating, the contacts actually
improved with heating. As will be shown later, this was not the case for un-
alloyed contacts on highly doped grown eiplayers.

For comparison with our standard NiAuGe alloyed contacts, the results of
annealing sample 7B158 are shown in parentheses. This sample had a highly
doped surface 0.2 um thick with about 1019 carriers/cm3 at the immediate surface
above a 0.45 um layer with 9.6 x 1016 carriers/cm3 grown on a 2.0 ym buffer
layer. The R and r, values for 7B158 are for a typical contact resistance pat-
tern, and although there was some variation in values over the wafer, the
percentage changes in R and r. after 4 hours at 250°C were consistently close
to 2 percent and 45 percent respectively. After a total of 8} hours the increases

in R and r, were 3 percent and 85 percent respectively.

d. Effects of discontinuous topography

It was clear from the first exposure set that unimplanted, unprotected
epilayers would probably not survive PEBA. In the next set we therefore tried
to determine what thickness of two convenient protective layers, SiOX and photo-
resist, if completely covering the surface, would preserve the electrical char-

acteristics of an underlying n-type epilayer. Prior to PEBA, a narrow section
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was cleaved off the side of a wafer and C-V carrier profiles were measured. The |
remaining piece was coated, PEBA annealed, stripped of its protective cout, and :
C-V profiled for comparison with the unannealed piece. The fluence was 0.71

J/cm2 and the blocking layers were 1}, 2 um of AZ1350J resist and 0.5, 0.75 um

of SiOX .

Visual inspection following PEBA revealed that the thinner resist was removed
except for a residue of microscopic spots and that the thicker resist was removed
over part of the wafer. Si0, coatings appeared unaffected except for removal near
the edges of the 0.5 um film. CV profiles of several Schottky diodes formed on
each piece showed that each mask except the 0.5 um SiOX film offered sufficient

protection for FET channels.

Three epilayer samples with windows opened in contact regions and selenium

implanted in PFET and contact resistance test patterns were also PEBA annealed

in this set. The following protective layers were present except over the
contact regions:

Sample Bottom Coating Top Coating
) [e]
2-72676 700-1000 A SigN, 2.2 ym AZ1350J
[o]
2-41633-1 700-1000 A Si3N4 0.9 um SiO_
Q
2-41633-2 700-1000 A Si3N4 0.9 um SiO_

After the PEBA exposure of a batch of five samples. including 2-72676 but
not 2-41633-1 and 2, we found that the tungsten filament in the electron bheam
system had burned out during the run and although it was evident that the
samples had received some exposure it was not possible to tell how much. They

were therefore pulsed a second time.

Following PEBA, about 750 ?\ was ion milled off the contact regions: about
300 Z more was removed in a cl’gemical etcho. A rinse C)in 5 percent NH4OH was
followed by deposition of 1000 A Ti, 1000 A Pt, 3000 A Au on the contacts. Non-
ohmic behavior was observed on 2-72676 and the SiOX masked pieces were effec-

tively nonconducting. This showed that a patterned sample with masked, unim-
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planted areas adjacent to unmasked, implanted areas responds differently to PEBA

than a uniform surface of either type.

To observe the effects of a simple boundary on a larger scale than is
possible in a device pattern, a window about 1 cm2 was opened on sample 3-7A90-1.
The rest of the sample was coated with 3/4 um of SiOx and 2 i.m of AZ1350dJ.
About 0.08 um of GaAs was etched in the window to delineate the boundary and
15 5e/em? at both 120 and 320 keV. The

resist was then removed and the sample was exposed to PEBA. Fig. 19a is a

the sample was implanted with 5 » 10

dark-field photograph of the boundary after PEBA and freon plasma etch removal
of residual SiOx. A transition strip over 20 um wide appears between the masked
portion at the left and the unmasked region at right. The white specks at right
are the gallium residues typically seen on bare GaAs after PEBA. Figure 19b is

a Dektak trace across the transition region that shows surface ripples as high

as 0.1 ym, suggesting that the electron-beam-heated GaAs expanded upward where
it was restricted by GaAs shielded from both selenium ions and electron heating.
Figure 20 is a SEM photograph of the transition region. This extended and
distorted boundary region makes it questionable whether selectively masked PEBA
annealing will be useful for FET structures.

The last attempt made to assimilate PEBA into power-FET fabrication was to
expose the narrow range of PEBA fluences which might activate implanted contacts
without destroying channel layers. Samples with rather thick n-type epilayers
doped with 1017

was a 2.4 x 3.4 cm2 slice with a 0.8 um n-type layer over a 2 um buffer layer.

carriers/cm3 were chosen for this experiment. Sample TB110A

Sample 7TB118 was 3.4 x 4.9 cm2 with a 0.5 um n-type layer and a 2-um buffer
layer. Sample TB118 was divided into four pieces, three of which were used to
measure peak carrier concentrations at reduced fluences, as previously discussed,
and sample TB110A was cleaved in half. A source-drain power-FET pattern was
opened in 2 pm of AZ1350J, about 0.05 um of GaAs was etched off to delineate
the pattern, and the samples were implanted with 5 x 1015 Se/cm2 at 120 keV.
After stripping the resist, samples 4-7B118-1 and 4-7B110A-1 and 2 were PEBA-
annealed at 0.42, 0.50, and 0.59 J/cmz, respectively. Following PEBA and the
usual IICl dip, samples had the textured appearance shown in Fig. 21a in the
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Figure 19. (a) Photograph of bhounduin region (610-) showing masked region
(left) and annealed implant vegion (right): (b) Dektak trace
across boundaiv with scales indicated,
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Figure 20.

SEM photo of the trunsition region on 3-7A90-1
between the masked portion at left and the PEBA
implant at right after removal of the SiO, and
gallium residues.
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implanted source-drain regions.

Figure 21b is a SEM photograph of two mask
alignment squares opened and implanted along with the source-drain pattern.

Although implanted regions appear to be rougher at low magnification in Fig. 21a,
the SEM pictures reveal that aside from craters the surface has a smooth appear-

ance characteristic of a recrystallized melt surrounded by a nonabrupt, nonflat
boundary and relatively rough unimplanted environs.

The degree of texturing was nonuniform in appearance over the surface of
each of the three samples with this pattern. It had not been observed on the other
sections of 7B118 which were blanket implanted and annealed nor on any previous
samples, including those having the same pattern. with regions other than the
source and drain contacts masked with SiOX or AZ1350J. The relative importance
of the implant and the 0.05 um recess in producing this texture is unknown since
they were not tried separately. A more drastic result of PEBA-implant is shown
in Fig. 22. This epilayer sample 3-7A91-6 was a PEBA following an implant
of 5 x 1015 Kr/cm2 at both 120 and 320 keV. The unmarred portion of the sample
is a corner which was masked from the implant by the wafer holder. Krypton
apparently erupted out of the surface during PEBA.

TiPtAu metallization was evaporated on the source-drain regions of the
patterned samples by remasking with resist which was removed after metal
evaporation to lift off unwanted metal areas.

Sample 4-TB110A-2 which had the highest PEBA fluence had a moderate
yield of ohmic contacts in some test pattern areas and this sample was continued
through gate metallization but no encouraging FET characteristics were obtained.

Hardly any ohmic contacts were found on the samples with lower PEBA fluence.
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SECTION 1V

FURNACE ANNEALED CO-IMPLANTS OF SELENIUM AND SILICON

At the suggestion of our contract monitor, Mr, Max Yoder, we implanted,

according to the following two schedules, sections of wafer 7A86 which had a

3

0.5 um n-type layer doped at 1.2 x 1017/cm over a 2 um thick buffer layer.

nge 1
4.45 x 1013 Se/cm2 - 120 keV
1.0 x 101 se/em? - 320 keV
5.0 x 1053 SiH/em?Z - 50 keV
1.15 x 101 siH/em? - 130 keVv
Type 2

The same schedule as Type 1 but with all the doses doubled.

The samples were then coated with Si3N4 and annealed in flowing nitrogen
at 815°C for thirty minutes. The implants were designed to yield matched Si-Se
profiles with the selenium concentration about 15 percent less than silicon and
the anneal was kept below 825°C to inhibit the formation of self-compensating

Si-Si complexes.

The calculated profiles based on (LSS) range statistics assuming one carrier
for each silicon and selenium ion and the measured profiles are shown in Fig. 23,
The profiles were measured using resistance measurements at 125 ?\ thick layer
removal intervals and Hall measurements at 1250 ?\ intervals. Concentrations in

3

excess of 1019/cm , which would be required for unalloyed contacts, were not

obtained on this first attempt and no other attempts were made.
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Figure 23. Calculated and measured profiles for furnace annealed Se-Si

implants. Sample 1 - 8.9 x 1013 S9e/cm2 (120 keV), 2.0 - 1014
Se/em? (320 keV), 1 x 1014 Si/em? (50 keV), 2.3 ~ 1014 Si/em?
(130 keV). Sample 2 - same as sample 1 but at half the dose.
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SECTION V

HIGHLY DOPED GROWN EPILAYER SURFACES

A. CARRIER PROFILES

Contact layers are formed in our vapor-phase epitaxy reactor during the
last minute of epilayer growth by increasing the silane flow, reducing the mole
fraction of arsenic trichloride in the gas stream, and then pulling the furnace
away from around the gallium source to reduce the gallium vapor pressure.
Epilayers grown this way have concentrations exceeding 1019 carriers/cm3 at
the immediate surface but dropping very sharply so that the depth over which

the concentration exceeds 1019/cm3

is not much greater than the zero-bias
o
depletion depths of < 70 A estimated from capacitance measurements. Profiles

of a sample grown at the beginning of this study are shown in Fig. 24.

Unalloyed contacts deposited on these layers cover a broad range of specific
contact resistances from 8 x 10-6 - 10—4 Qcm2 and the contacts were not always
ohmic. We therefore tried to grow thicker layers having over 1019 carriers/cms.
First the time t, during which the silane flow is increased and the arsenic
trichloride mule fraction is reduced, was increased to 2t, 4t, and 6t, where
t = 10 seconds. As shown in Fig. 25, this produces an increase in the thick-
ness of the transition layer between the surface and a channel-type layer but

does not achieve the desired result of increasing the surface layer thickness.

The second approach was to vary the duration of a brief pause, prior to
retracting the furnace, during which the inflow of arsenic trichloride was termi-
nated. Fig. 26 shows the profile measured on a typical sample, 7B166B. Once
again the transition layer was altered, but the depth of the lolg/cm3 layer is

about the same.
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This is shown by the electrical and SIMS profiles of two different samples grown
this way (Fig. 26). Thus far we have not been able to grow thicker layers

having over 1019 carriers/cm3.

The profiles in Figs. 24-26 were obtained using ion milling for removal of
125 Ao thick layers. As mentioned previously, this technique may yield an erro-
eously high concentration value at the immediate surface. As a check, we there-
fore measured the zero-bias capacitance Co of Shottky diodes deposited on these

samples. Values above 2000 pF were measured for 16 mil diameter diodes, and
the formula

20 (C,/A)?

“B 0

N =
qKE

where g * 0.9 volts, built-in voltage
A = diode area
q =1.6 x 10_19 coulombs
K = 12, dielectric constant of GaAs
E =8.86 x 10714 f/em, free space permittivity

. . . 19 3
confirms that carrier concentrations were over 10" "/cm.

B. CONTACT RESISTANCES AND THERMAL STABILITY

Samples were prepared to study the effects of heating in the same way
as previously described for PEBA-annealed contacts, except that no surface
removal was made azide from an NH,OH rinse immediately before vacuum loading
for TiPtAu deposition. SIMS profiles of sample TB129A, one section unannealed
after TiPtAu deposition and the other section annealed in hydrogen for 24 hours
at 250°C, showed no measurable difference in silicon profiles. Table V shows
the changes induced by heating contact resistance patterns on samples from
wafer TB166 whose carrier profile is shown in Fig. 26. Note that, in contrast
with PEBA-implanted contacts, the sheet resistance is unaffected but the contact
resistance degrades with heating. Unfortunately, the sample chosen for this test

did not happen to be one of the ones with a lower contact resistance to begin
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Figure 26. Electrical profile of epilayer 7B166B and SIMS profile
of epilayer 7B129A.
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with and the thermal behavior may not be representative of the lower resistivity

samples or of samples with thicker surface layers.

TABLE V
Anneal r, (ohm/cmz) R(ohms/sq.)
None 9.6 x10°° 43
4 Hrs at 250°C 1.3 x1074 43
4} Hrs more at 250°C 1.7 1074 43

C. POWER FETS WITH UNALLOYED CONTACTS

Power FETs with unalloyed TiPtAu contacts and gates were made on epilayer

wafers 82625 and 7B-218A, which had the following specifications:

Carrier Conc. (cm—3) Thickness (um)
Immediate surface > 1019 ~--
Contact layer > 2 x 1018 0.2
Channel 8.2 x 10%° 0.7 on 82625
0.4 on 7B-218A
Buffer ~ 5 x 1013 2.0

Figure 27 shows a top view SEM photograph of the device structure made

on wafer 82625 and a cross-sectional schematic of an FET cell. This device
has 16 gates with gate lengths about 1.5 um and a total periphery of 1.6 mm.
The back side had TiAu (400, 5000 ?\) soldered to a dogbone support and
heatsink.

Wafer 7B-218A had a similar but improved design with 0.8 um gate
lengths and source contacts made through via holes from the back side,
which was coated with TiAu (400, 5000 Z) followed by an additional 12 um
of gold plate. Devices were bonded to carriers by a very thin coat of a

silver-filled epoxy, Epo-Tek HZ20E. Cantilever bonds to the gate and drain pads,

which were formed during front-side processing, extended beyond the 4 mil thick
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Figure 27, SEM photo of power FET and cross-sectional
schematic of an individual cell.
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GaAs chip and were thermocompression bonded to the chip carrier, which in

turn was mounted in the jig shown in Fig. 28.

1. DC Characteristics

Saturation currents of devices from the two wafers were in the range
of 230 to 350 mA with pinchoff voltages of 3 to 4 V. Drain currents were
highly linear below saturation except very near zero drain voltage; and gate-
drain leakage was low, for example less than 1 pA at 12 V on devices from
wafer 82625, Typical I-V characteristics are shown in Fig. 29. Ohmic
contact resistances RS and R, were evaluated from measurements using

26 d

various gate biases®” and were in the range 1.5 < R, + Ry < 2.4 . These

values are also typical of alloyed contacts made on the same type of device.

2. RF Measurements

The test jig was first calibrated by itself, using short and through-line
samples (Fig. 30). Using the short sample, the reference planes were moved
to the edge of the microstrip lines, while the through line data determined
the loss in the jig. Measured S-parameters of FETs were corrected for the
loss and the reference planes of the jig. Lead wire inductances were also
de-embedded from the data. Maximum available gains, Gmax were calculated

from the S-parameters.

Output power performance was measured using the setup shown in
Fig. 31. Input power was monitored by power meter 3 while output power
was indicated by the differential volt meter which read the difference of the
two power meters 1 and 2. Input and output tuners were always adjusted

for the maximum power condition.

Examples of the S-parameters, qux’ and the input versus output

power characteristics for a device from wafer 7B-218A are shown in Figs.
32, 33 and 34, qux was 6.5 dB at 10 GHz, the small signal gain was 7.5 dB

and the saturation power 0.5 W. The best result was obtained for a sample

from wafer 82625 which was able to operate with a drain bias of 12 V.




804096C

Figure 28. Test fixture used for electrical measurements,
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Figure 29. IV curves of an unalloyed contact power FET from wafer 7B-218A.
7 Scales are 50 mA per 3ertical division, IV per horizontal division.

Gate steps are 1V.
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Figure 30. Chip carrier (a) and shoi't (b) and through line (c) samples.
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Figure 32. S-parameters for a device from wafer 7B-218A.
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Figure 33. Maximum stable gain (MSG) and maximum available gain (MAG)

for a device from wafer 7TB-218A.
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Figure 34. Input versus output power characteristics for a device

from wafer 7B-218A. 8.8 volts drain bias, -0.5 volts gate
bias; X 7.5 volts drain bias, -0.1 volts gate bias.
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Drain biases of 8, 10, and 12 V were tried at 8 to 10 GHz with the gate
voltage tuned between 0.5 and 2 V for maximum power, usually resulting

in about 200 mA drain current. Power characteristics for this device are shown
in Fig. 35, which shows 1.2 W at 0 dB gain and 1.0 W at 3 dB gain at 8 GHz
with a 12 V drain bias. G was calculated to be 6.5 dB at 8 GHz with

max
a rolloff of about 8 dB per octave.

In general the electrical performance of devices from these two wafers
did not differ significantly from similar devices with alloyed contacts. Devices
from both wafers were delivered to the Office of Naval Research for evaluation

of their reliability under prolonged operation.
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Figure 35. Power FET output power versus input power,
wafer 82625, device #2.
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SECTION VI

SUMMARY

Unalloyed, refractory-metal, ohmic contacts were formed on n-type GaAs
by preparing surfaces having over 1019 carriers/cm3 prior to metal deposition.
Such highly doped n** layers were made in two ways. One procedure was to
adjust conditions during the final stage of vapor phase epilayer growth to favor
an increased concentration of silicon donors on gallium lattice sites. Shallow

1Q/cma were formed and high-performance power

layers doped at or above 10
FETs with unalloyed TiPtAu contacts were made. The specific contact resis-
6 and 9 x 107°

comparison, alloyed NiAuGe contacts on these layers were typically 1.2 x 10~

tivity varied between 8 x 10~ ohm c:m2 from sample to sample. By

6
ohm cm2 and the thermal stability in terms of the percentage increase in resis-
tivity after anneals at 250°C was about the same for alloyed and unalloyed
contacts. However, the gate leakage under reverse bias was remarkably low
on some of the devices with unalloyed contacts, suggesting that there may

be an indirect benefit for power FETs which outweights the higher contact
resistance. Furthermore, it is quite possible that the surface layer concentra-
tion and thickness can be increased to yield higher reproducibility and lower

3

resistivity. For our samples the concentration was about 1019/cm to a depth
[e]

of about 100 A, values which are only marginally adequate for ohmic contacts.

The second approach, radiation-annealed selenium implants, began auspi-
ciously when implants and pulse electron beam exposures covering an entire
surface yielded layers about 2000 X thick having well over 1019 carriers/c:m3
and up to 8 X 1019 carriers/cms. Contact resistivities were as low as 3 ><10_7
ohm cm2 and thermal stress tests at 250°C for as long as 8% hours had little

6 ohm cmz.

effect except to reduce resistivities which were initially above 10
These reductions occurred in spite of a concurrent 50 percent increase in the

sheet resistance of unmetallized areas.

Use of these superlative contacts in a power FET configuration was unsuc-
cessful because unimplanted channel regions suffered severe reduction in carrier
concentration during anneal and attempts to selectively mask channels from inci-

dent electrons resulted in high thermal gradients and topographic irregularities
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at the perimeters of openings in the mask. Hence the advantage of PEBA over
pulsed laser annealing with regard to surface smoothness was partially lost in

this mode of exposure.

Attempts to select PEBA fluences within a narrow band which might yield
sufficiently highly doped contact layers without destroying channel-type regions
and without selective masking was more promising but still unsuccessful. SEM
photos of these samples had interesting features suggestive of melting in implant-
ed areas but not elsewhere. Once again distortions appeared, this time at bound-
aries between implanted and unimplanted areas. Judicious selection of anneal
parameters could possibly give suitable conditions for device applications. For
example, lateral thermal gradients at the GaAs surface would be reduced by using
a layered encapsulant having thicknesses over channel and contact regions adjust-
ed to vary the energy deposited in the respective regions in a gradual rather than
discontinuous way. The laser approach would offer more flexibility in this regard.
Although the first order effect of either electron or light under similar levels of
absorbed power is to produce rapid heating followed by a rapid quench, the ener-
gy transfer mechanisms are more complex and variable for light and therefore it
would be more amenable to control of the temporal and spatial details of energy
deposition through choice of mask and exposure parameters. Large-area laser
beams would reduce the objectionable surface irregularities characteristic of the

raster scan of discreet pulses used for our trial laser exposures.

The potential excellence of radiation-annealed contacts justifies continued
efforts to find ways to form them without introducing the deleterious side
effects described in this report. These efforts would benefit from a better
understanding of the changes induced in GaAs by pulse annealing and how
these changes depend on such variables as ion implant and anneal conditions,
the properties of protective surface films and the presence of discontinuities
such as boundaries between implanted and unimplanted regions and masked

and unmasked areas.
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